Background--The differing relations of steady and pulsatile components of central hemodynamics and aortic stiffness with cardiac dimensions and function have not been fully elucidated.
C
ongestive heart failure is a leading cause of morbidity and mortality in developed countries, with an estimated prevalence of 1% to 2% in the general population, reaching 7% to 8% in individuals aged >75 years. 1 Elevated blood pressure appears to play an important role in the pathogenesis of both left ventricular (LV) systolic and diastolic dysfunction, at least partly by increasing cardiac afterload. 2 This has led to the therapeutic concept of reducing cardiac afterload, which has proven highly beneficial in heart failure with reduced ejection fraction but not in heart failure with a preserved ejection fraction. 3 Thus, broadening the understanding of the role of central hemodynamics in the pathogenesis of systolic and diastolic LV dysfunction is critical to inform the development of novel therapeutic approaches. Blood pressure is routinely measured at the brachial artery, whereas the actual cardiac pressure load is determined by the hemodynamics in the proximal aorta. This is a relevant distinction, as central pulse pressure may differ from brachial pulse pressure, particularly in younger adults, due to age-related differences in central pressure augmentation. The extent to which central pressure augmentation is explained by peripheral wave reflection or by the windkessel function of the proximal aorta is the subject of ongoing debate. 4, 5 Limited data suggest that central pressure may be more closely related to cardiovascular disease than peripheral blood pressure. 6 Furthermore, variable relations between aortic stiffness (which increases early systolic load on the heart) and wave reflection (which increases late systolic load) may have differing implications for systolic and diastolic LV structure and function. 7 In contrast, the steady component of blood pressure, ie, the mean arterial pressure, is fairly constant throughout large arteries. 8 In this context, the relations of central hemodynamics with cardiac structure and function have not been fully delineated. We hypothesized that the pulsatile component (and its determinants aortic stiffness and pressure augmentation) and the steady component of central blood pressure may have different relations with LV structure and function. Thus, we investigated the cross-sectional relations of central hemodynamics and aortic stiffness to echocardiographic measures of LV structure and systolic and diastolic function in a large community-based sample.
Methods

Study Sample
Individuals were derived from the Framingham Offspring and the Framingham Third Generation cohorts, which have been described. 9 Excluded individuals were generally older and had a higher morbidity (higher prevalence of diabetes, hypertension, and prevalent cardiovascular disease) than those included in the analyses. The study protocols were approved by the Boston University Medical Center Institutional Review Board, and participants signed informed consent. The study complies with the principles outlined in the Declaration of Helsinki.
Blood Pressure and Arterial Tonometry
Supine brachial systolic and diastolic blood pressures were obtained using an auscultatory device. 11 Arterial tonometry measurements were performed as previously described.
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Briefly, arterial tonometry (using a standard applanation tonometry device) with simultaneous ECG was performed on the brachial, femoral, and carotid arteries. All recordings were performed on the right side of the body. Transit distances were assessed by body surface measurements from the suprasternal notch to the pulse-recording site. Mean arterial pressure (MAP) was derived from integration of the brachial waveform calibrated with BP at the time of tonometry. Diastolic blood pressure and integrated MAP were used to calibrate carotid pressure tracings. Calibrated carotid pressure was used as a surrogate for central pressure. Direct measurement of carotid pressure, as compared to transfer function-based estimates, is associated with a smaller difference between central and peripheral pulse pressure. 14 Details of signal analyses and data processing have been published elsewhere. [11] [12] [13] We primarily assessed 4 measures of arterial stiffness and central hemodynamics: (1) carotid-femoral pulse wave velocity (CFPWV), the current reference standard for aortic stiffness, (2) central pulse pressure, ie, the blood pressure amplitude in the proximal aorta, (3) augmentation index, ie, the fraction of central pulse pressure attributable to late systolic pressure augmentation (expressed as percentage), and (4) mean arterial pressure. Secondary analyses assessed additional measures of central pulse wave form and peripheral reflection, in particular forward wave amplitude, reflected wave amplitude, and the global reflection coefficient.
Echocardiography
Echocardiography was performed at both examinations using a Philips Sonos 5500 ultrasound machine. Two-dimensional guided M-Mode tracings were recorded with a minimum of 3 frames. All echocardiograms were evaluated by an experienced sonographer or cardiologist based on a standardized reading protocol. Cardiac dimensions were quantified using the leading-edge technique as recommended by the American Society of Echocardiography (ASE). LV mass was calculated according to ASE guidelines, applying the method of Devereux et al. 15 The sum of the diastolic thicknesses of the septum Given that our primary analyses assessed the relation of 4 tonometry traits (central pulse pressure, MAP, CFPWV, augmentation index) to 3 LV structure traits (LV mass, LV diastolic diameter, LV wall thickness) in 3 statistical models, as well as the relation of the same 4 tonometry traits to 3 LV function traits (LV fractional shortening, E 0 , E/E 0 ) in 4 statistical models, we introduced a Bonferroni correction for (49393)+(49394)=84 statistical tests and regarded a P-value of 0.0006 (0.05/84) as statistically significant. Statistical analyses were carried out using SAS Version 9.1.
Results
Study Sample
Characteristics of the entire Framingham Offspring and Third Generation cohort are given in the left part of Table 1 ; the characteristics of the final study sample after exclusions (see Methods for details) are shown in the right part of Table 1 . LV hypertrophy was present in 1574 individuals (27%) of the study sample; impaired systolic LV function was present in 46 individuals (1%). The unadjusted pairwise correlations between our primary tonometry and blood pressure traits are provided in Table 2 . The correlation between forward and reflected wave amplitude was 0.79.
Central Hemodynamics, Aortic Stiffness, and LV Mass, Dimensions, and Wall Thickness
Unadjusted correlations between the tonometry measures and echocardiographic traits reflecting cardiac dimensions are presented in Table 3 . Adjusted relations of central hemodynamics and aortic stiffness with LV dimensions are displayed in Table 4 . Mean arterial pressure was positively associated with LV mass, even after multivariable adjustment (P<0.0001). Results for LV mass index and LV hypertrophy were essentially similar (data not shown). When we separately investigated the 2 components of LV mass, ie, LV wall thickness and LV diastolic diameter, we observed that the association of MAP with LV wall thickness was statistically robust and persisted after additional adjustment for central pulse pressure (P<0.0001 for all models), whereas the association of MAP with LV diastolic diameter was weaker and no longer statistically significant (P=0.15) after adjustment for central pulse pressure. Central pulse pressure was positively correlated with higher LV mass (P<0.0001), which was attributable to comparable relations with LV diastolic diameter and LV wall thickness (both P<0.0001). Relations remained statistically significant after adjustment for multiple clinical covariates and also persisted on additional adjustment for MAP (all P<0.0001). Higher aortic stiffness, as assessed by CFPWV, was associated with greater LV mass and greater LV wall thickness, but the associations were attenuated on multivariable adjustment and rendered statistically nonsignificant on additional adjustment for mean arterial pressure. CFPWV was not associated with LV chamber size. Higher augmentation index correlated with higher LV mass and higher LV diastolic diameter (all P<0.0001); however, the associations were no longer significant in multivariable (including MAP)-adjusted analyses (all P>0.003).
In secondary analyses, we related additional subphenotypes of the central pressure waveform, ie, forward wave, reflected wave, and reflection factor, to LV structure (Table 5 ).
In multivariable (including MAP)-adjusted analyses, forward and reflected waves generally showed similar associations with LV mass, LV diastolic diameter, and LV wall thickness (r=0.053-0.089, P<0.0001), except for a nonsignificant association of the reflected wave with LV wall thickness (r=0.034, P=0.01). In mutually adjusted analyses, forward wave relations with LV mass persisted after adjusting for reflected wave (Table 5 , P<0.0001), whereas reflected wave was not related to LV mass after adjusting for forward wave (P=0.63). The reflection factor was not associated with LV structure after accounting for multiple statistical testing (all P≥0.003).
Central Hemodynamics, Aortic Stiffness, and LV Systolic and Diastolic Function
Unadjusted correlations between the assessed tonometry measures and echocardiographic measures of LV systolic and diastolic function are presented in Table 6 . The adjusted relations of central hemodynamics and aortic stiffness with systolic and diastolic LV function are given in Table 7 . Mean arterial pressure was not associated with LV fractional shortening (P>0.05 in all models). In contrast, higher MAP was associated with lower E 0 and higher E/E 0 (all P<0.0001).
Correlations between MAP and LV filling measures persisted after adjustment for clinical covariates and also after additional adjustment for LV mass (all P<0.0001).
Central pulse pressure was moderately and positively correlated with fractional shortening (P<0.0001), even after multivariable adjustment (P<0.0001, Table 7 ). Central pulse pressure also correlated very modestly and inversely with E 0 (a measure of diastolic relaxation), whereas we observed a Table 3 ). The correlations of CFPWV with measures of slowed relaxation and higher LV filling pressure persisted after multivariable adjustment, including adjustment for MAP and LV mass (all P<0.0001). Figure 2 depicts multivariable adjusted means of LV fractional shortening ( Figure 2A ) and E 0 ( Figure 2B ), stratified by tertiles of CFPWV. In a base model, higher augmentation index correlated modestly with greater fractional shortening. However, in multivariable-adjusted analyses, higher augmentation index correlated modestly and inversely with LV systolic function, even after adjustment for LV mass and mean arterial pressure (P<0.0001, Table 7 ). We found similar reversal of directionality of very modest associations between augmentation index and E 0 following multivariable adjustment. In contrast, augmentation index was associated positively with E/E 0 in our base model (P>0.0001), and the association and directionality persisted with multivariable adjustment. In secondary analyses (see Table 8 ), forward wave amplitude correlated with fractional shortening (r=0.086, P<0.0001), whereas reflected wave amplitude did not 
Discussion
In the present investigation we examined differing associations of pulsatile and steady components of central blood pressure and aortic stiffness with left ventricular structure and function. Our major findings are 3-fold. First, both steady (ie, MAP) and pulsatile (ie, central pulse pressure) components of central blood pressure were correlated positively with LV mass. However, whereas higher MAP was primarily associated with higher LV wall thickness, central pulse pressure was positively associated with both LV diameter and LV wall thickness. Second, higher MAP and greater aortic stiffness were correlated inversely with LV diastolic function, and these correlations at least partly persisted in models adjusting of LV mass. Third, aortic stiffness, as assessed by CFPWV, was associated inversely with LV diastolic function but showed no independent correlation with LV dimensions or circumferential LV systolic function. for weight, heart rate, diabetes, total cholesterol, HDL-cholesterol, triglycerides, fasting glucose, prevalent cardiovascular disease, current smoking, intake of angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, b-blockers, diuretics, calcium channel blockers. CPP indicates central pulse pressure; E, maximum early diastolic mitral inflow velocity; E 0 , maximum early diastolic mitral annulus velocity; LVM, left ventricular mass; MAP, mean arterial pressure. *Inverse-transformed for normality and multiplied by À1 to restore directionality.
Central Hemodynamics, Aortic Stiffness, and Cardiac Structure
Whereas the relation between peripheral blood pressure and cardiac structure has been well documented, 16 few studies have assessed relations among cardiac structure, central hemodynamics, and vascular stiffness using detailed tonometry measures. These prior studies were limited by small sample size 17 or an indirect assessment of central hemodynamics, 18 restricted to non-European ancestry individuals [18] [19] [20] or relied on electrocardiographic LV hypertrophy. 21 In a sample of 1272
Chinese indiviudals, Wang et al reported that central pulse pressure was associated with LV mass. 19 However, their study did not separately assess associations with LV wall thickness versus LV dimensions. An independent association of proximal (ascending) aortic stiffness with LV mass was recently reported in 347 elderly participants of the Age, Gene/ Environment Susceptibility (AGES)-Reykjavik Study cohort.
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That study investigated the hypothesis of a direct coupling between LV and a stiffened proximal aorta as a novel type of mechanical, rather than hemodynamic, load on the left ventricle and thus did not evaluate relations with CFPWV. To our knowledge, the present analysis is the largest investigation of the relation of central hemodynamics and CFPWV (the reference measure of aortic stiffness) with cardiac structure and function in a sample of European ancestry. We observed that higher central pulse pressure is associated with both higher LV diameter and greater wall thickness, whereas higher MAP (steady component of central pressure) is primarily associated with higher LV wall thickness (rather than with LV diameter). Thus, the steady and pulsatile components of central blood pressure may conjointly yet variably contribute to differences in LV mass. Of note, however, the relation between LV mass and pulse pressure is likely bidirectional. The fact that neither aortic stiffness nor wave reflection is independently associated with LV mass in our analyses suggests that the relation between LV mass and pulse pressure may be largely attributable to mismatch between ventricular outflow and the ability of the aorta to accommodate that flow, as recently described by Torjesen et al. 23 Central Hemodynamics, Aortic Stiffness, and LV Systolic and Diastolic Function
Existing literature on the relations among central hemodynamics, vascular stiffness, and cardiac function is sparse, and most studies were of limited size, [24] [25] [26] [27] [28] restricted to certain patient populations, 27 or did not include tissue Doppler assessment of LV diastolic function. 20 Abhayaratna et al investigated the relation of arterial stiffness to LV diastolic dysfunction in a sample of 188 elderly individuals and observed a significant correlation between central pulse pressure and severity of diastolic dysfunction. 29 However, CFPWV was not associated with diastolic dysfunction in their study. Russo et al reported in 983 individuals that several tonometry-derived measures of central hemodynamics, greater arterial stiffness, and more wave reflection were all associated with worse LV diastolic function. 30 However, after multivariable adjustment, only the ratio of central pulse pressure to stroke volume index (a measure of global arterial stiffness) remained associated with LV diastolic dysfunction. Kang et al measured brachial-ankle pulse wave velocity in 1929 individuals in Shanghai and reported an association with diastolic heart failure. 31 Notably, CFPWV was not measured in the latter studies. Our considerably larger analysis demonstrates that higher mean arterial pressure and aortic stiffness are associated inversely with measures of LV diastolic function. The fact that these associations persisted after adjustment for LV mass is consistent with the notion that diastolic dysfunction may be only partly dependent on LV hypertrophy. 32 Aortic and cardiac stiffness (hence LV diastolic dysfunction) may share etiologic mechanisms such as excessive tissue fibrosis. The extent to which aortic stiffness may contribute to LV diastolic dysfunction or that common pathophysiological mechanisms may contribute to parallel increases in both aortic and cardiac stiffness cannot be assessed in our cross-sectional analyses and therefore remains to be elucidated. If greater aortic stiffness is indeed shown to contribute to LV diastolic dysfunction in additional studies, therapeutic interventions aimed at decreasing macrovascular stiffness may be a promising tool for the prevention and mitigation of diastolic dysfunction, a premise that warrants further study. The relations of central pulse pressure and augmentation index to LV diastolic dysfunction were not straightforward in our analyses. Whereas we observed a consistent association of higher central pulse pressure with higher E/E 0 (a surrogate measure of elevated LV filling pressure), the association of central pulse pressure with the filling-phase measure of diastolic relaxation (ie, E 0 ) was weak and changed directionality after adjustment for potential confounding by MAP. Hence, central pulse pressure and augmentation index appear to be primarily associated with LV filling pressures rather than with LV diastolic relaxation. Interestingly, we observed a positive correlation between higher central pulse pressure and LV systolic function, which may seem surprising. The most likely explanation for this finding is that a greater fractional shortening corresponds to higher stroke volume and peak flow rate in the proximal aorta and thus may be a cause rather than a consequence of higher central pulse pressure. Similarly, the lack of an association between MAP and LV systolic function in our cross-sectional analysis may possibly be explained by various opposing effects of MAP on LV function. An acute increase in MAP reduces LV systolic function (inverse relation) but may promote LV hypertrophy and remodeling, which restore LV wall stress and systolic function to normal levels (thereby resulting in a null relation).
Limitations
Several limitations of our study should be addressed. First, our study sample is community based and predominantly comprised of middle-aged adults of European ancestry. The applicability of our findings to younger individuals, to other ethnicities or certain patient groups, remains to be explored in future studies. Second, our study is cross-sectional and observational; thus, causal inferences cannot be drawn. This is particularly relevant as some of the observed correlations are likely bidirectional. In addition, the potential for residual confounding cannot be eliminated. Third, our echocardiographic measures are based on 2-dimensional guided M-mode echocardiographic tracings. Unfortunately, 2-dimensional measures of ejection fraction were not available.
Also, we would like to emphasize that our study was focused on the physiological relations of central hemodynamics with cardiac structure and function. We did not investigate whether central blood pressure may be more strongly related to certain echocardiography traits than to arm blood pressure. In fact, brachial and central pulse pressure were highly correlated (R=0.93) in our data. Consequently, the findings for brachial pulse pressure were similar to those observed for central pulse pressure (see Table 9 ).
14 Similarly, we did not study aggregate measures of pulsatile and steady pressure components, eg, central systolic blood pressure.
Next, most of the observed correlations were of modest strength. However, we would like to underscore that our main analyses were adjusted for multiple potential confounders. In unadjusted analyses, several correlations were markedly stronger. Last, we have performed multiple statistical tests, potentially inflating the type 1 error rate. However, we accounted for multiple testing using a Bonferroni correction. Of note, most of our findings were highly statistically significant (P<0.0001) and hence likely to be true associations.
Conclusions
In the present investigation, we assessed relations of steady and pulsatile components of central hemodynamics and aortic stiffness to cardiac structure and LV systolic and diastolic function in a large community-based sample with a broad age range. We observed a distinct pattern of associations. Steady and pulsatile components of central blood pressure were jointly and variably related to components of LV structure. Aortic stiffness and MAP were associated inversely with measures of LV diastolic function but not with LV systolic function. Additional studies are warranted to confirm our findings.
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